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INTRODUCTION
The cell surface glycoproteins encoded by the major histocompatibility complex class II (MHC class II) genes are responsible for activating CD4+ lymphocytes through antigen presentation (1, 2) and play important roles in transplantation immunology (3) (4) (5) , in determining the nature of clinical manifestations in response to infectious agents (6) (7) (8) (9) , and in autoimmunity (10) . The polymerase chain reaction (PCR) (11) facilitates rapid identification of the DNA sequence polymorphisms within the second exons of MHC class II genes. These genes encode the portion of mature MHC II proteins responsible for antigen presentation to T-cell receptors during initiation of an immune response. Identifying this molecular diversity within MHC class II molecules has been motivated in large part by the clinical significance of matching donor and host in solid organ (i.e. kidney, heart, lung, liver) and bone marrow transplants. Advantages of PCR based human lymphocyte antigen (HLA)-typing over serological or mixed lymphocyte reaction assays include increased specificity and sensitivity in detecting most allelic polymorphisms based upon DNA sequence differences. PCR based haplotyping has also been successfully applied to a wide variety of human populations because DNA sequence polymorphisms fail to occur in the conserved regions used as PCR primer annealing sites of genomic templates (12) . In contrast, the utility of reagents for immunologically based HLA-typing are compromised by unidentified polymorphisms seen in non-European populations (13) .
Detection of differences among PCR amplified MHC II alleles has employed the differential hybridization of sequence-specific oligonucleotide (SSO) probes to PCR products amplified by locusspecific primers (14) . Because SSO detection involves the use of well over 100 probes (DRB1 = 66; DQA1 = 10; DQB1 = 13; DPA1 = 4; DPB1 = 26) (15), complete MHC class II haplotyping becomes complicated not only by the numbers of reagents required, but also because of the different hybridization and washing conditions required for probe specificity. These factors have influenced the development of alternative methods for allelic differentiation based upon amplified fragment length polymorphism (AFLP) analysis (16) , single stranded conformational polymorphism (SSCP) (17) , heteroduplex analysis (18) (19) (20) (21) , or denaturing gradient gel electrophoresis (22) . Each of these alternative approaches reveals polymorphic differences among alleles following gel electrophoresis; the banding patterns, however, are frequently very complex even in homozygotes.
This study presents a novel PCR-based approach termed directed heteroduplex analysis (DHDA) employing the strategic PCR-based labeling of three DNA In contrast to previous studies (18) (19) (20) (21) in which heteroduplex formation has been applied to HLA analysis, this study has employed strategic labeling of single stranded probe sequences to simplify the HD banding patterns and facilitate HLA-typing, referred to as directed heteroduplex analysis (DHDA). Functional DQA1 alleles, 0102 and 0501, and the pseudogene, DQB2, second exon fragments were cloned individually into M13mpl9 and sequenced to verify identity with previously analyzed alleles (26) before serving as probe templates for DHDA HLA-typing. The DNA sequence of the probe M13-DQA1*0501 was compared to major functional DQA1 alleles to identify the M13-DQA1*0501, every DQA1 allele, with the exception of DQA1 *0601, can be distinguished by the unique mobility of one or both of its HD bands. In Fig. 2A , HDs are detected following double-strand probe labeling. The resulting pattern for each allele includes two HD bands (A+:P-and A-:P+; A = HTCL allelic strand and P = probe strand). When the P + strand (Fig. 2B) or the P -strand (Fig. 2C) are labeled independently the detected DQA1 HD polymorphism for each allele includes only one of the HD bands. Thus, it becomes possible to correlate the significance of unpaired and mismatched nucleotides in each allelic HD (identified in Fig. IA and iB) with relative mobility differences of the two products detected for each allele (intraallelic HDs) and among products for other alleles (inter-allelic HDs). For example, when comparing relative effects of gel retardation among the intra-allelic HDs, the HD with the highest ratio of unstable:stable mismatches (Fig. 2, bottom) exhibits the greatest relative gel retardation (exception is DQA1*0301).
To verify the presence of DQA1*0501 through detection of an informative HD, samples can be probed with M13-DQA1*0102 for genotypic analysis, as seen in Fig. 3 . Coincidently, M13-DQA1*0102 also detects a more distinctive HD polymorphism between DQA1 *0101 and DQA1 *0 102 (see Fig. 3 , Lanes 1 and 2 marked 0101 and 0102, respectively).
DHDA genotying of DQA1 and DQB1 Application of DHDA to genotyping of a previously characterized family was used to test the specificity of allelic identification by comparing HDs between HTCLs and previously SSO-genotyped Family 104, as detected by M13-DQA1*0102 (Fig. 3) To provide complete haplotypic analysis of the genes encoding the membrane bound DQ heterodimer, the second exon sequence of the DQB2 pseudogene (M13-DQB2) was cloned and developed as a DHDA probe (Fig. 4) (Figs. 2, 3 and 4) . Regarding the complexity of genotyping heterozygotes, in both DHDA and HDA, all possible homoduplex and HD molecular combinations are allowed to form in each individual reaction. The important difference lies in which HD molecules are detected. In HDA the difference lies in which HD molecules are detected. In HDA the detected bands will represent HDs formed between alleles A and B (A+:B-and A-:B+) in addition to the homoduplex on techniques that incorporate label into all double-stranded DNA molecules, the number of different HD banding patterns is equal to the number of possible heterozygous combinations (28 for DQA1 and 78 for DQB1). To pursue locus-specific genotyping of unknown samples would then require a prohibitively large number of positive allelic controls. In DHDA the detected products will represent the HDs formed between unlabeled alleles, A and B, and the labeled probe sequence, P (A+:Pand B+:P-or A-:P+ and B-:P+). Since all of the detected products form in reference to the labeled probe sequence, the number of different HD banding patterns is reduced to the number of alleles at any given locus (8 for DQA1 and 13 for DQBl). By using known heterozygous samples or by combining even larger groups of defined alleles the number of lanes per gel dedicated to positive controls can be further reduced to the desired number. (Fig. 4) Fig. 3 ). The presence of frameshift mutations, such as this, have been shown to affect HD structure in various ways (29) (30) (31) (Fig. 2B) is approximately two-fold greater than observed for the A+:P-HDs (Fig. 2C) (27) . This study found that mismatches involving G-residues were relatively more stable than mismatches involving C-residues (stabilities of A-A and T-T mismatches were comparable to C-T and T-C mismatches) (27) . While the sequences and buffer conditions involved in DQA1 heteroduplex formation differ, the observations synthesizing the number, spacing, sequence context and thermodynamic stabilities of base pair mismatches appear to be consistent with the hierarchy of base pair stability proposed above. Therefore it might be predicted that regions of HDs which are most likely to be single stranded are those which contain the most destabilizing combination of base pair mismatches.
The data compiled below panels B and C in Fig. 2 suggest that the majority of the inter-allelic and intra-allelic mobility differences may be explained by the number of unstable mismatches relative to stable mismatches; the greater this ratio the greater the observed gel retardation. Thus, the A-:P + HDs exhibit greater gel retardation than the A + :P -HDs for alleles 0101, 0102 and 0103 while the converse is observed for alleles 0201, 0401 and 0601. For alleles 0101, 0102 and 0103 the A -:P + HD molecules are affected by more unstable than stable mismatches (the majority of which [10] are observed within the 37 nucleotides flanking the deleted bases 133-135; see Fig. lA) . In contrast the corresponding A + : P -HDs are affected by more stable than unstable mismatches (Fig. 1B) . For alleles 0201, 0401 and 0601 the A+:P-HDs show greater numbers of unstable mismatches and therefore greater relative gel retardation than their A-:P+ intra-allelic counterparts.
The DQA 1 *0301 HDs are an exception to these observations. Here A+:P-is affected by relatively fewer unstable, as compared to, stable mismatches (unstable = 9; stable = 12) yet it displays greater gel retardation than A-:P + (unstable = 12; stable = 9). To explain this inconsistency we note that the looped out bases are comprised of 3 purines (AGA) in A+ :P -while the complementary pyrimidine bases (TCT) are unpaired in A-:P+ . The relative effects of unpaired purines versus pyrimidines have recently been used to explain the HD electrophoretic mobility differences observed in detecting the cystic fibrosis mutation and other experimentally derived mutations (29, 30) . In these systems unpaired purines always lead to greater gel retardation than the reciprocal pyrimidine bulges.
Finally, the effects of individual base pair mismatches can be observed since some alleles differ from each other at only one or two nucleotide positions. Specifically, alleles DQA1*0101 and 0102 differ by a G to C transversion at nucleotide 67; alleles DQA 1*0102 and 0103 differ by an A to T transversion at nucleotide number 41 and by a G to A transition at nucleotide 89; alleles DQA1*0401 and 0601 differ by an A to T transversion at nucleotide 41. When M13-DQA1*0102 is used as the probe, 0101 is differentiated from 0102 (which is detected only as a homoduplex) in only the A -:P + HD (Fig. 3 lanes 1 and 2 ; marked 0101 and 0102, respectively). Here the mismatch at nucleotide 67 is C-C (unstable) in contrast to a G-G (stable) in the A+:P-HD. The mismatched base pairs between M 13-DQA1*0501 and DQA1*0102, 0103, 0401 and 0601 will be treated together. By comparing the mismatches between the probe (M13-DQA1*0501) and DQA1 *0601 it appears that neither unstable mismatch A-A (in A-:P+) nor T-T (in A+:P-) promotes mobility differences which allow differentiation between DQA1 *0401 and 0601. This suggests that the same mismatch between M13-DQA1*0501 and DQA1*0103 will similarly result in no measurable differences between DQA1*0102 from 0103. Therefore it is suggested that the A+:P-mobility difference between the DQA1*0102 and 0103 HDs in Fig. 2B must be due to the A-C mismatch (unstable) at nucleotide 89. The reciprocal G-T mismatch (stable) between the probe and 0103 in the A-:P+ HD does not change the mobility of 0103 relative to 0102 (Fig. 2C) . These observations suggest that in the sequence contexts where they are found the C-C mismatch (nucleotide 67 in DQA1*0101) and the A-C mismatch (nucleotide 89 in DQA1*0103) result in a single stranded 'bubbles' (30) and promote HD gel retardation, whereas the G-G mismatch (nucleotide 67 in DQA1*0101), the A-A and T-T mismatches (nucleotide 67 in DQA1 *0103 and 0601) and the G-T mismatch (nucleotide 89 in DQA1*0103) may result in stable non-standard Watson-Crick base pairs and have no observed effect on HD mobility.
It appears that this type of analysis of the factors affecting HD structure may help to direct mutagenesis of specific probe sequence motifs to further differentiate alleles (DQA1 *0401 and 0601) which differ by only a single nucleotide. Based on the observations presented in this study if the + strand of the M13 based probe could be changed to a C residue the mismatch for DQA1*0601 would be A-C while the mismatch for DQA1*0401 would be T-C. Since the A-C mismatch appears to be characterized by the greatest instability, differentiation between DQA1*0401 and 0601 might be observed. A further application of these observations to a larger task is in regard to differentiating between the highly variable DRB1 and DPB1 alleles. Because of the large number of alleles observed at these genetic loci it may be possible to use the existing functional alleles or pseudogenes as informative probes for successful genotyping through the DHDA strategies described in this study.
